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Available online 9 May 2015While the yield potential of rice has increased but little is knownabout the impact of breeding on
grain quality, especially under different levels of N availability. In order to investigate the
integrated effects of breedingandN levels on ricequality 12 japonica rice cultivars bred in thepast
60 years in the Yangtze River Basinwere usedwith three levels of N: 0 kg N ha−1, 240 kg N ha−1,
and 360 kg N ha−1. During the period, milling quality (brown rice percentage, milled rice
percentage, and head rice percentage), appearance quality (chalky kernels percentage, chalky
size, and chalkiness), and eating and cooking quality (amylose content, gel consistency, peak
viscosity, breakdown, and setback) were significantly improved, but the nutritive value of the
grain has declined due to a reduction in protein content. Micronutrients, such as Cu, Mg, and S
contents,were decreased, and Fe,Mn, Zn,Na, Ca, K, P, B contentswere increased. These changes
in grain quality imply that simultaneous improvements in grain yield and grain quality are
possible through selection. Overall, application of N fertilizer decreased grain quality, especially
in terms of eating and cooking quality. Under higher N levels, higher protein content was the
main reason for deterioration of grain quality, although lower amylose contentmight contribute
to improving starch pasting properties. These results suggest that further improvement in grain
quality will depend on both breeding and cultivation practices, especially in regard to nitrogen
and water management.
© 2015 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Rice (Oryza sativa L.) is the most important staple food in the
world, providing more than 21% of the calorific needs of the
world population, but up to 76% of the calorific intake of the
population in South East Asia [1]. In China, next to yield,
improvement in grain qualities is becoming a priority, alongg).
Science Society of China a
ina and Institute of Crop
license (http://creativecomwith improvements in economic and living standards. Devel-
opment of both high yield and high quality in rice varieties is
essential [2].
Grain quality traits dictate market value and have a pivotal
role in the adoption of new varieties. Rice quality traits
encompass milling recovery, physical appearance, cooking and
eating qualities, and nutritional value [3, 4]. The evaluationnd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
Table 1 – Growth duration, plant height, grain weight and the largest application area of the selected japonica rice cultivars.
Decade Cultivar Growth duration
(days)
Plant height
(cm)
Grain weight
(mg grain−1)
Largest area of cultivation
(×104 ha)
1950s Huangkezao 138 121.2 21.6 >22
Guihuaqiu 152 125.4 27.1 >25
1960s Jinnanfeng 152 93.5 24.5 >120
Guihuahuang 154 94.8 24.6 >150
1970s Xudao 2 141 98.6 23.8 >45
Liming 130 97.8 24.2 >20
1980s Sidao 8 145 102.5 24.3 >42
Yanjing 2 148 101.6 23.7 >75
1990s Zhendao 88 144 110.4 25.9 >60
Huaidao 5 151 108.9 26.7 >80
Since 2000 Huaidao 9 151 108.5 28.9 >20
Lianjing 7 147 110.3 27.9 >120
286 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 2 8 5 – 2 9 7criteria formilling qualitymainly include brown rice percentage,
milled rice percentage, and head rice percentage, which reflect
the proportion of whole kernels (head rice or head milled rice)
and broken kernels produced during milling of rough rice.
Appearance quality is mainly determined by grain size, translu-
cency, chalky grain percentage, chalky area and degree of
chalkiness. Starch granules in chalky areas of the grain are
smaller and less densely packed than the larger tightly packed
granules in translucent areas of the grain [5]. Cooking and eating
qualities aremostly specified by amylose content, gelatinization
temperature, and gel consistency of the grain starch [6–8].
Nutritional value is essential because rice is a main source of
dietary protein and micronutrients for most of rice growing
countries. In order to improve quality traits along with yield it is
necessary to understand the important quality traits, to select
for them in a breeding program, and to control them through
appropriate nitrogen and water management.
Historically, many breeding programs took yield potential
as the priority target, particularly in China. Rice yields have
increased from 2.0 t ha−1 in the 1950s to 6.6 t ha−1 in the 2000s
[9, 10]. In 2006, the average rice grain yield in China was more
than 50% higher than the world average [11]. The Yangtze
River Basin is the main rice planting area in China, andFig. 1 – Grain yield (A) and harvest index (B) of rice cultivars relea
0 kg N ha−1 (0 N), 240 kg N ha−1 (240 N), and 360 kg N ha−1 (360
(vertical bars).represents 51.2% of the total rice growing area and 51.3% of
the total rice production in the country [12, 13]. During the
period, the yield potential has significantly improved [2, 12].
Farmers often use excessive N fertilizer to maximize grain
yield. For example, China's national average N application for
rice in 2006 was 193 kg ha−1, more than 90% above the world
average [11]. In Jiangsu province the average N application is
more than 300 kg ha−1 in some high yielding counties [12].
Over-use of N fertilizer also contributes to poor eating and
cooking quality of the grain [2, 12]. However, little is known
about the impact of breeding selection on grain quality of rice,
especially under different N levels. Understanding the chang-
es in grain quality of the rice cultivars bred in different
decades and their levels of response to of N fertilizer should
be beneficial for improving rice quality in both rice breeding
and cultivation.
In this experiment we selected twelve representative japonica
rice cultivars bred in the area during the last 60 years. Milling
characteristics, appearance, cooking and eating quality, and
nutritional value of these cultivars were studied. Such a study
should provide useful information for achieving a high-quality
and high-yield rice production system with inputs from both
agronomy and breeding.sed in the 1950s, 1960s, 1970s, 1980s, 1990s, and 2000s under
N) application levels. Data are averages of two years ±1 S.E.
Table 2 – Significance of variance estimates related to years (Y), cultivars released at different decades (D), cultivars nested
within decades [C(D)], nitrogen level (N), and their interactions on rice grain quality traits.
Quality traits Y D C(D) N Y × D Y × N D × N Y × D × N
Milling quality
Brown rice percentage (BRP, %) n.s. ⁎⁎ ⁎ ⁎⁎ n.s. n.s. n.s. n.s.
Milled rice percentage (MRP, %) n.s. ⁎⁎ ⁎ n.s. n.s. n.s. n.s. n.s.
Head rice percentage (HRP, %) n.s. ⁎⁎ ⁎⁎ n.s. n.s. n.s. n.s. n.s.
Appearance
Chalky kernels percentage (CKP, %) n.s. ⁎⁎ ⁎⁎ ⁎⁎ n.s. n.s. n.s. n.s.
Chalky size (CS, %) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
Chalkiness (CK, %) n.s. ⁎⁎ ⁎⁎ ⁎⁎ n.s. n.s. n.s. n.s.
Length/width ratio (LWR) n.s. ⁎⁎ ⁎⁎ n.s. n.s. n.s. n.s. n.s.
Cooking and eating quality
Amylose content (AC, %) n.s. ⁎⁎ ⁎⁎ ⁎⁎ n.s. n.s. n.s. n.s.
Gel consistency (GC, mm) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
Peak viscosity (PV, cP) n.s. ⁎⁎ ⁎⁎ ⁎⁎ ⁎ ⁎ ⁎ n.s.
Hot viscosity (HV, cP) n.s. ⁎⁎ ⁎⁎ ⁎⁎ ⁎ ⁎ ⁎ n.s.
Cool viscosity (CV, cP) n.s. ⁎⁎ ⁎⁎ ⁎⁎ ⁎⁎ ⁎⁎ ⁎⁎ n.s.
Breakdown (BD, cP) n.s. ⁎⁎ ⁎⁎ ⁎⁎ n.s. n.s. n.s. n.s.
Setback (SB, cP) n.s. ⁎ n.s. ⁎⁎ ⁎ ⁎ ⁎ n.s.
Consistency (CT, cP) n.s. ⁎⁎ ⁎⁎ n.s. n.s. n.s. n.s. n.s.
Overall palatability (OP) n.s. ⁎⁎ ⁎ ⁎⁎ n.s. n.s. n.s. n.s.
Nutritive quality
Protein content (PC, %) n.s. ⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
Cu concentration (mg kg−1) n.s. ⁎⁎ ⁎ ⁎⁎ n.s. n.s. n.s. n.s.
Fe concentration (mg kg−1) n.s. ⁎⁎ ⁎ ⁎⁎ n.s. n.s. n.s. n.s.
Mn concentration (mg kg−1) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
Zn concentration (mg kg−1) n.s. ⁎⁎ ⁎ ⁎⁎ n.s. n.s. n.s. n.s.
Na concentration (mg kg−1) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
Ca concentration (mg kg−1) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
K concentration (mg kg−1) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
Mg concentration (mg kg−1) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
S concentration (mg kg−1) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
P concentration (mg kg−1) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
B concentration (mg kg−1) n.s. ⁎⁎ n.s. ⁎⁎ n.s. n.s. n.s. n.s.
n.s., not significant; ⁎ and ⁎⁎, significant at P = 0.05 and P = 0.01, respectively.
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2.1. Plant materials and cultivation
The experiments were conducted at the research farm of
Yangzhou University, Jiangsu province, China (32°30′ N,
119°30′ E) during the rice growing season (May to October) in
2012, and repeated in 2013. The preceding crop was wheat
(Triticum aestivum L.) in both years. The soil used in the
experiments was a sandy loam (typic fluvaquents, entisols) with
20.4 g kg−1 organic matter, 106.2 mg kg−1 alkali-hydrolysable N,
28.5 mg kg−1 Olsen-P, and 93.6 mg kg−1 exchangeable K. Twelve
japonica rice cultivars, Huangkezao, HKZ; Guihuaqiu, GHQ;
Jinnanfeng, JNF; Guihuahuang, GHH; Xudao 2, XD2; Liming, LM;
Sidao 8, SD8; Yanjing 2, YJ2; Zhengdao 88, ZD88; Huaidao 5, HD5;
Huaidao 9, HD9; and Lianjing 7, LJ7, grown in the Yangtze River
Basin during the last 60 yearswere chosen, and classified into six
types according to decade of release. The cultivars were chosen
because they had large annual planting areas (>6.67 × 104 ha).
The growth duration and some plant traits of these cultivars are
listed inTable 1. To reducedifferences inheading timeamong thecultivars, sowings were at different dates from 8 to 25 May.
Twenty-day-old seedlings were manually transplanted into a
paddy field with a hill spacing of 13.3 cm × 25.0 cm and two
seedlings per hill.
The field experiments were a split-block design with 3
replicates, with nitrogen as the main treatment and cultivars
as sub-plots. Threemain plots, namely low N level (0 kg N ha−1,
0 N), medium N level (240 kg N ha−1, 240 N), and high N level
(360 kg N ha−1, 360 N), were applied in each block, leaving a
1.5 m space between plots. A drainage ditch 0.5 mwide was dug
to a depth of about 30 cm all around the main plot, and
connected to the central drainage channels of the field. Plastic
filmwas inserted into the soil between plots to a depth of 50 cm
to form a barrier. Subplots for cultivars were assigned in each
main plot. The subplots were 16.0 m2. For medium and high N
fertilizer treatments, urea as the N source was applied at
pre-transplanting (1 day before transplanting), early tillering
(7 days after transplanting) and panicle initiation (about 35 days
after transplanting) in the proportions 50%, 10%, and 40%,
respectively. For all the treatments, phosphorus (30 kg ha−1 as
single superphosphate) and potassium (40 kg ha−1 as KCl) were
applied as basal fertilizer 1 day before transplanting.
Fig. 2 – Brown rice percentage (A), milling rice percentage (B) and head rice percentage (C) of rice cultivars from the 1950s
(Huangkezao, HKZ; Guihuaqiu, GHQ), 1960s (Jinnanfeng, JNF; Guihuahuang, GHH), 1970s (Xudao 2, XD2; Liming, LM), 1980s
(Sidao 8, SD8; Yanjing 2, YJ2), 1990s (Zhengdao 88, ZD88; Huaidao 5, HD5), and 2000s (Huaidao 9, HD9; Lianjing 7, LJ7) under
0 kg N ha−1 (0 N), 240 kg N ha−1 (240 N), and 360 kg N ha−1 (360 N) application levels. Data are average of two years with ±1
S.E. (vertical bars).
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Plants were hand-harvested on 12–15 October. Plants in two
rows on each side of the plot were discarded to avoid border
effects. Grain yield was determined from a harvest area of
6.0 m2 in each plot and adjusted to 14% moisture. Above-
ground biomass and yield components, i.e. number of
panicles per square meter, number of spikelets per panicle,
percentage of filled grains, and grain weight, were determined
on plants from 0.6 m2 (excluding the border rows) sampled
randomly from each plot. The percentage of filled grains was
defined as the filled grains (specific gravity ≥ 1.06 g cm−3) as a
percentage of the total number of spikelets.
About 500 g of grains harvested at physiological maturity
from each plot was dried at 40 °C in a forced-air oven for quality
analysis according to the Rice Quality Measurement Standards
[14]. Grain samples of 150 g were twice passed through a
Dehusker, polished and separated into broken and unbrokengrains. The brown rice rate, milled rice rate, and head rice rate
were expressed as percentages of total grain weights. Head rice
refers to the kernels that remain at three-fourths or more of
their normal length [4]. The lengths and breadths of 10 milled
grains from each sample were measured using a vernier
micrometer. Chalkiness was evaluated visually on 100 milled
grains per plot. Grains containing 20% of more of white belly,
white center, white back, or a combination of these were
considered chalky kernels. Chalkiness area was expressed as
percentage of the total area of a kernel. The degree of chalkiness
was calculated from chalky kernels and chalky size, i.e. the
degree of chalkiness (%) = chalky kernels × chalky size.
Representative milled rice samples were oven-dried to
constant weight at 60 °C, andwere then groundwith a stainless
steel grinder (FW-100, China) with a 0.25 mm sieve [15] in order
to further prepare them for subsequent analyses, viz., amylose
content, protein content, starch viscosity and elemental con-
centrations. To determine amylose content, flour sampleswere
Fig. 3 – Chalky kernel percentage (A), chalky area (B), chalkiness (C), and grain length/width ratio (D) of rice cultivars from the
1950s to 2000s. See caption to Fig. 2 for other details.
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colorimetrically using the amylose–iodine reaction. Amylose
content was calculated by using amylose/amylopectin mixed
standards [16]. Protein content was measured with a grain
analyzer (Infratec 1241, Foss, Denmark).
As starch paste parameters generated from a Rapid Visco-
Analyzer (RVA) reflect starch gelatinization, disintegration,
swelling and gelling ability, they are often used to evaluate
quality [17, 18]. In this experiment, rice starch viscosity
characterswere evaluated using a RVA (Model RVA-3D; Newport
Scientific, Sydney, Australia) as described by Han et al. [3].
Viscosity values were recorded as centipoises (cP). The original
components of starch viscosity characters include peakviscosity, hot viscosity, and cool (final) viscosity. Secondary
components, such as breakdown and setback, were calculated
from the original components. A breakdown value was calculat-
ed by subtracting the hot viscosity frompeak viscosity, a setback
value was calculated by subtracting peak viscosity from cool
viscosity, and a consistency value was calculated by subtracting
hot viscosity from cool viscosity.
In addition to physiochemical composition analysis, cooking
and eating quality was also evaluated with a rice taste analyzer
STA1A, which is a convenient and accurate tool for evaluation
of rice cooking and eating quality [19].
Exactly 1 g of powdered grainswasdecomposed inamixture
of 8 mL of HNO3 and 2 mL of H2O2. The ash was then
Fig. 4 – Amylose content (A), gel consistency (B), and overall palatability (C) of rice cultivars from the 1950s to 2000s. See caption
to Fig. 2 for other details.
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Kamp, Lintfort, Germany) and diluted in 10 mL of aqua regia.
Cu, Fe, Mn, Zn, Na, Ca, K, Mg, S, P, and B were measured by
ICP-OES (Thermo Jarrell Ash, Trace Scan, Franklin, USA).
2.3. Statistical analysis
Analysis of variance was performed using the SAS/STAT
statistical analysis package (version 6.12, SAS Institute, Cary,
NC). A GLM analysis of variance procedure was run to identify
significant sources of variance,whichwere partitioned between
effects due to year (Y), cultivars released in different decades
(D), cultivars nested within decades [C(D)], nitrogen fertilizer
(N), and their interactions (Y × D, Y × N, D × N, and Y × D × N)
and residual error. Means were tested by least significant
difference at P = 0.05 (LSD0.05).Fig. 5 – The value of peak viscosity (A), hot viscosity (B), cool visco
RVA profile of rice cultivars from the 1950s to 2000s. See caption3. Results
3.1. Grain yield and quality differences
Differences in grain yield and harvest index among the 12
cultivars bred are shown in Fig. 1. Grain yield progressively
increased from the 1950s (3.13 t ha−1) to 2000s (9.44 t ha−1)
across different N levels with an average yearly increase of 4%.
Grain yield increased by 35.7% from the 1950s to 1960s, 31.2%
from the 1960s to 1970s, 17.3% from the 1970s to 1980s, 17.4%
from the 1980s to 1990s, and 23.1% from the 1990s to 2000s.
Simultaneously, average plant height decreased from 117.9 cm
in the 1950s to 92.56 cm in the 1990s, but increased to 100.6 cm
in super rice cultivars (2000s). Harvest index increased from
36.5% in the 1950s to 48.9% in the 2000s (Fig. 1). N fertilizersity (C), breakdown (D), setback (E), and consistency (F) in the
to Fig. 2 for other details.
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yields of some early decade cultivars dropped at high N levels
(i.e. 360 kg N ha−1) due to lodging.
Table 2 summarizes computed F-values for differences in
grain quality. Differences in quality traits between the two
years were not significant and average data across the years
are used in the following analyses. There were significant
differences in all quality traits among cultivars (Table 2). Even
within the same decade significant differences were detected
among cultivars. Nitrogen fertilizer had significant impacts on
grain quality traits except for milled rice percentage, head rice
percentage, length/width ratio, and gel consistency. General-
ly, no significant interactions were observed between year,
cultivars, and nitrogen fertilizer application (Table 2).
3.2. Milling quality
Milling quality was evaluated by three milling traits: brown
rice percentage (BRP), milled rice percentage (MRP), and head
rice percentage (HRP). BRP responded positively to nitrogen
levels (Fig. 2-A). On average, BRP increased from 82.79% at the
0 N level to 83.81% at the 240 N level, and to 84.83% at the
360 N level. No clear tendency was attributable to breeding.
BRP increased by 1.8% per year from the 1950s to 2000s, with
the highest increase in the 1970s (Fig. 2-A).
MRP and HRP were not influenced by N fertilizer applica-
tion (Table 2), while significant genetic differences were
observed in MRP and HRP (Fig. 2-B, C). Generally MRP and
HRP were improved during breeding regardless of N levels. For
example, HRP increased on average by 68.7% from 39.78% in
the 1950s to 67.11% in the 2000s, with more variation in the
early decades (Fig. 2-C). Compared with HRP, the increase in
MRP attributed to breeding was less and showed the highest
value in 1980s (Fig. 2-B).
3.3. Appearance quality
Fig. 3 summarizes four main appearance quality properties,
including chalky kernel percentage (CKP), chalky size (CS),
chalkiness, and length/width ratio (LWR). As shown in Fig. 4,
CKP, CS and chalkiness were significantly increased when
nitrogen fertilizerwas applied regardless of cultivars. On average,
CKP, CS and chalkiness increased by 21.4%, 25.3%, and 39.5%
from 0 N to 240 N, respectively, and by 24.1%, 29.5%, and 56.5%
from 240 N to 360 N (Fig. 3).
Cultivars bred during different decades showed substantial
decreases in CKP, CS and chalkiness. For example, CKP was on
average decreased from 51.6% to 43.3%, 42.5%, 29.7%, 23.5%, and
16.3% during the 1950s, 1960s, 1970s, 1980s, 1990s, and 2000s,
respectively. For CS and chalkiness, similar tendencies were
observed regardless of N application level. When compared
with modern cultivars there was more genetic variation in
appearance quality among old cultivars (Fig. 3). No significant
differences in LWR were observed across N fertilizer levels
(Table 2).
3.4. Cooking and eating quality
Cooking/eating quality is largely determined by physical and
chemical characteristics of the starch in the endosperm: thatis, amylose content (AC), gel consistency (GC), and starch
pasting properties. There were significant variations among N
fertilizer levels and cultivars (Table 2; Fig. 4). At each N level,
AC was first decreased rapidly, and then slightly increased
with the breeding progress. AC was comparatively lower at a
higher N level with average 19.1%, 16.7%, and 15.3% at 0 N,
240 N, and 360 N levels, respectively (Fig. 4-A).
Across N levels, GC steadily increased from 39.65 to
59.41 mm, with the highest values in the 1970s (70.9 mm).
Application of N significantly reduced GC from 69.11 mm at
0 N to 60.9 mm at 240 N and 56.37 mm at 360 N, a declining
trend with increasing N levels.
The Rapid Visco Analyzer (RVA) is a useful tool for rapid
assessment of eating and cooking quality of rice. The starch
pasting properties analyzed by RVA are shown in Fig. 6,
including peak viscosity, hot viscosity, cool viscosity, break-
down, setback, and consistency. These starch pasting param-
eters reflects the texture and stickiness of cooked rice.
Application of N fertilizer significantly decreased peak viscos-
ities across all cultivars (Fig. 5-A). Similar patterns of response
to N fertilizer were obtained for hot viscosity (Fig. 5-B), cool
viscosity (Fig. 5-C), and breakdown values (Fig. 5-D). In
contrast, N fertilizer increased the value of setback (Fig. 5-E),
but there was no significant effect of N on consistency. No
obvious trend was found in starch pasting properties as a
consequence of breeding. Compared to 1950s cultivars peak
viscosity and breakdown values of modern japonica cultivars
were significantly increased by 5.7% and 130.3%, respectively,
and setback value was significantly decreased by 141.7%.
In addition to biochemical and biophysical analysis, cooking
and eating quality can also bemeasured by sensory assessment.
A rice taste analyzer STA1A was used to rate the overall
palatability (Fig. 4-C). Palatability steadily improved with breed-
ing. Compared to 1950s cultivars, overall palatability of modern
rice cultivars increased by 20.7%, 17.6%, and 22.9% with 0 N,
240 N, and 360 N levels, respectively. N applications significantly
reduced overall palatability regardless of cultivars. On average,
overall palatability value dropped from 73.31 at 0 N to 67.07 at
240 N and 64.07 at 360 N.
3.5. Nutritive quality
Regardless of N application rates, protein content in milled rice
was significantly reduced during breeding progress (Fig. 6). It
decreased from 8.8% in the 1950s to 7.4% in the 2000s at the 0 N
level, from 9.55% in the 1950s to 8.35% in the 2000s at the 240 N
level, and from 10.35% in the 1950s to 9.2% in the 2000s at the
360 N level of fertilization. However, the application of N
fertilizer significantly increased the protein content (Fig. 6;
Table 2). The average protein contentswere 7.7%, 9.0%, and 9.7%
at 0 N, 240 N, and 360 N levels, respectively.
Under higher N levels, all micronutrient contents were lower
(Fig. 7). This may due to enhanced carbon assimilation under
highNapplication, as highNwould increase the concentrationof
photosynthetic enzymes in leaves, and the larger yields would
dilutemicronutrient contents (Fig. 7). For Cu, the average content
dropped from 2.87 mg kg−1 at the 0 N level to 2.76 mg kg−1 at the
240 N level (−3.8%), and to 2.65 mg kg−1 at the 360 N level (−7.7%).
Similar results were obtained for other micronutrients (Fig. 7).
Comparisons between the cultivars within decades, showed the
Fig. 6 – Protein content inmilled rice of cultivars released from the 1950s to 2000s. See caption to Fig. 2 for other details. Data are
average of two years ±1 S.E. (vertical bars).
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contents substantially from the 1950s to 1980s, and then dropped
from the 1980s to 2000s (Fig. 7).
3.6. Relationships among rice quality traits
As shown in Table 3, correlations between milling quality
traits (i.e. BRP, MRP, HRP), appearance traits (i.e. CKP, CS, CK,
LWR), cooking and eating quality traits (AC, GC, PV, HV, CV,Fig. 7 – Cu, Fe, Mn, Zn, Na concentrations (A–C), Ca, K, Mg, S, P co
from the 1950s, 1960s, 1970s, 1980s, 1990s, and 2000s under 0 kg
application levels. Data are average of two years with ±1 S.E. (veBD, SB, CT, OP), and nutritive quality traits (i.e. PC, Cu, Fe, Mn,
Zn, Na, Ca, K, Mg, S, P, B) are very complex. In general, grains
with chalkiness, indicative of loosely packed starch granules,
were more likely to break and were negatively correlated with
milling quality traits and cooking and eating quality traits.
Higher protein content increased chalkiness, and was there-
fore negatively correlated with milling quality traits, appear-
ance quality traits, and cooking and eating quality traits.
Positive correlations between micronutrient contents werencentrations (D–F), and B concentrations (G–I) of rice cultivars
N ha−1 (0 N), 240 kg N ha−1 (240 N), and 360 kg N ha−1 (360 N)
rtical bars).
Table 3 – Pearson correlation coefficients for rice grain quality traits when analyzed for each combination of years, N and
cultivars.
BRP MRP HRP CKP CS CK LWR AC GC PV HV CV BD SB
MRP 0.35
HRP 0.43 0.66 ⁎⁎
CKP 0.03 −0.36 −0.74 ⁎⁎
CS 0.21 −0.49 ⁎ −0.67 ⁎⁎ 0.89 ⁎⁎
CK 0.06 −0.53 ⁎ −0.76 ⁎⁎ 0.95 ⁎⁎ 0.96 ⁎⁎
LWR 0.11 0.22 0.18 −0.45 −0.26 −0.32
AC −0.67 ⁎⁎ −0.51 ⁎ −0.67 ⁎⁎ 0.11 0.10 0.20 0.27
GC −0.07 0.49 ⁎ 0.57 ⁎ −0.53 ⁎ −0.72 ⁎⁎ −0.69 ⁎⁎ −0.30 −0.46
PV −0.62 ⁎⁎ 0.17 0.14 −0.41 −0.60 ⁎⁎ −0.54 ⁎ −0.14 0.11 0.65 ⁎⁎
HV −0.81 ⁎⁎ −0.41 −0.53 ⁎ 0.20 0.05 0.13 −0.36 0.50 ⁎ 0.07 0.67 ⁎⁎
CV −0.78 ⁎⁎ −0.50 ⁎ −0.73 ⁎⁎ 0.38 0.26 0.34 −0.22 0.67 ⁎⁎ −0.23 0.47 ⁎ 0.93 ⁎⁎
BD 0.26 0.71 ⁎⁎ 0.83 ⁎⁎ −0.75 ⁎⁎ −0.79 ⁎⁎ −0.82 ⁎⁎ 0.26 −0.50 ⁎ 0.70 ⁎⁎ 0.37 −0.44 −0.59 ⁎
SB −0.18 −0.65 ⁎⁎ −0.86 ⁎⁎ 0.76 ⁎⁎ 0.84 ⁎⁎ 0.85 ⁎⁎ −0.06 0.57 ⁎ −0.86 ⁎⁎ −0.49 ⁎ 0.28 0.54 ⁎ −0.94 ⁎⁎
CT −0.40 −0.41 −0.55 ⁎ 0.07 0.20 0.18 0.49 ⁎ 0.83 ⁎⁎ −0.64 ⁎⁎ −0.04 0.32 0.56 ⁎ −0.46 0.59 ⁎⁎
OP −0.19 0.59 ⁎ 0.56 ⁎ −0.67 ⁎⁎ −0.86 ⁎⁎ −0.81 ⁎⁎ 0.00 −0.20 0.89 ⁎⁎ 0.74 ⁎⁎ 0.07 −0.16 0.81 ⁎⁎ −0.87 ⁎⁎
PC 0.43 −0.34 −0.26 0.59 ⁎ 0.80 ⁎⁎ 0.67 ⁎⁎ −0.11 −0.26 −0.61 ⁎⁎ −0.67 ⁎⁎ −0.18 −0.07 −0.58 ⁎ 0.56 ⁎
Cu −0.34 0.06 0.30 −0.29 −0.48 ⁎ −0.41 −0.63 ⁎⁎ −0.15 0.61 ⁎⁎ 0.48 ⁎ 0.27 0.05 0.26 −0.43
Fe −0.27 0.45 0.35 −0.32 −0.62 ⁎⁎ −0.55 ⁎ −0.47 −0.30 0.82 ⁎⁎ 0.67 ⁎⁎ 0.23 0.01 0.53 ⁎ −0.64 ⁎⁎
Mn −0.21 0.39 0.56 ⁎ −0.57 ⁎ −0.77 ⁎⁎ −0.72 ⁎⁎ −0.36 −0.28 0.82 ⁎⁎ 0.60 ⁎⁎ 0.11 −0.15 0.60 ⁎⁎ −0.73 ⁎⁎
Zn 0.00 0.51 ⁎ 0.54 ⁎ −0.33 −0.55 ⁎ −0.53 ⁎ −0.48 ⁎ −0.57 ⁎ 0.80 ⁎⁎ 0.54 ⁎ 0.06 −0.18 0.59 ⁎⁎ −0.71 ⁎⁎
Na −0.46 0.29 0.43 −0.64 ⁎⁎ −0.83 ⁎⁎ −0.76 ⁎⁎ −0.22 0.00 0.75 ⁎⁎ 0.71 ⁎⁎ 0.28 0.04 0.51 ⁎ −0.64 ⁎⁎
Ca 0.04 0.40 0.82 ⁎⁎ −0.84 ⁎⁎ −0.85 ⁎⁎ −0.89 ⁎⁎ −0.01 −0.42 0.72 ⁎⁎ 0.43 −0.18 −0.44 0.75 ⁎⁎ −0.87 ⁎⁎
K −0.11 0.53 ⁎ 0.73 ⁎⁎ −0.75 ⁎⁎ −0.89 ⁎⁎ −0.88 ⁎⁎ −0.13 −0.36 0.88 ⁎⁎ 0.64 ⁎⁎ 0.00 −0.28 0.78 ⁎⁎ −0.90 ⁎⁎
Mg −0.15 0.18 0.26 −0.11 −0.34 −0.28 −0.68 ⁎⁎ −0.33 0.55 ⁎ 0.39 0.18 0.01 0.27 −0.39
S −0.17 0.21 0.10 0.10 −0.21 −0.11 −0.77 ⁎⁎ −0.31 0.55 ⁎ 0.38 0.24 0.10 0.18 −0.29
P −0.47 0.32 0.33 −0.50 ⁎ −0.74 ⁎⁎ −0.66 ⁎⁎ −0.27 0.06 0.76 ⁎⁎ 0.72 ⁎⁎ 0.29 0.09 0.50 ⁎ −0.60 ⁎⁎
B −0.42 0.22 0.43 −0.53 ⁎ −0.70 ⁎⁎ −0.64 ⁎⁎ −0.40 −0.12 0.74 ⁎⁎ 0.67 ⁎⁎ 0.35 0.06 0.38 −0.58 ⁎
BRP, brown rice percentage; MRP, milled rice percentage; HRP, head rice percentage; CKP, chalky kernels percentage; CS, chalky area; CK,
chalkiness; LWR, length/width ratio; AC, amylose content; GC, gel consistency; PV, peak viscosity; HV, hot viscosity; CV, cool viscosity; BD,
breakdown; SB, setback; CT, consistency; OP, overall palatability; PC, protein content; Cu, copper; Fe, iron; Mn, manganese; Zn, Zinc; Na, sodium; Ca,
calcium; K, potassium; Mg, magnesium; S, sulfur; P, phosphorus.
⁎ Significant at P = 0.05.
⁎⁎ Significant at P = 0.01.
294 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 2 8 5 – 2 9 7observed (Table 3), implying a coordinated response in root
uptake abilities.4. Discussion
Rice production in China has tripled in the past six decades
[10] due to high-yielding varieties and improvement in crop
management such as fertilization and irrigation. Next to yield,
grain quality is themost important factor in rice production as
it is directly related to market value and thus influences
farmer incomes. However, to date, little is known about the
changes in grain quality over time and how fertilizer
application influences grain quality. Some evidence indicates
deterioration in grain quality in modern high yielding
cultivars [2]. In the present work, we observed that milling
quality, appearance quality, and cooking and eating quality were
significantly improved with breeding progresses (Figs. 2–6). Cu,
Fe, Mn, Zn, Na, Ca, K, Mg, S, P, and B are important essential
micronutrients in the human diet. Deficiency of these microel-
ements can result serious diseases. During breeding micronutri-
ent contents first increased and then decreased (Fig. 7). The
increase in micronutrients from the 1950s to 1980s was partially
due to improved micronutrient uptake [13, 20]. However, the
improvement in root uptake did not keep pace with the largeincrease in carbon assimilation capacity of super rice as reflected
by the decreased of root activity during grain filling [21], causing
the dilution in protein content in the grain from the 1980s to
2000s.
Except for the slight decrease in protein content the above
results suggest that simultaneous improvements in both grain
yield and grain quality are possible through selective breeding.
However, the improvements in grain quality were small with
progression from old cultivars to modern cultivars (Figs. 2-6).
Less genetic variation was also observed among modern
cultivars (2000s) than in early cultivars (1950s–1970s) (Figs. 2-C;
3-A, C; 4; 5-E, F). This may reflect a tendency in crop
domestication and improvement as selection for specific alleles
controlling key morphological and agronomic traits [10, 22]
results in reduced genetic diversity relative to unselected genes
[23], and suggests that a greater effort should be made to
improve grain quality in the future. Huang et al. [24] used a large
and diverse sample of 950 worldwide rice varieties and found
considerable variations in traits related to grain quality such as
gelatinization temperature, amylose content, and grain protein
content. Further progress could be achieved by introducing
alleles conferring grain quality traits from exotic sources to
broaden thegenetic base ofChinese rice breeding.Alternatively,
transgenic alteration of the expressionpatterns of related genes
can be tested for desired effects on relevant grain quality traits.
–CT OP PC Cu Fe Mn Zn Na Ca K Mg S P
−0.36
−0.01 −0.83 ⁎⁎
−0.36 0.53 ⁎ −0.50 ⁎
−0.48 ⁎ 0.78 ⁎⁎ −0.64 ⁎⁎ 0.80 ⁎⁎
−0.43 0.80 ⁎⁎ −0.68 ⁎⁎ 0.90 ⁎⁎ 0.90 ⁎⁎
−0.64 ⁎⁎ 0.71 ⁎⁎ −0.44 0.74 ⁎⁎ 0.91 ⁎⁎ 0.88 ⁎⁎
−0.21 0.80 ⁎⁎ −0.79 ⁎⁎ 0.84 ⁎⁎ 0.83 ⁎⁎ 0.93 ⁎⁎ 0.69 ⁎⁎
−0.43 0.73 ⁎⁎ −0.50 ⁎ 0.62 ⁎⁎ 0.63 ⁎⁎ 0.84 ⁎⁎ 0.71 ⁎⁎ 0.77 ⁎⁎
−0.48 ⁎ 0.89 ⁎⁎ −0.70 ⁎⁎ 0.72 ⁎⁎ 0.84 ⁎⁎ 0.93 ⁎⁎ 0.83 ⁎⁎ 0.89 ⁎⁎ 0.92 ⁎⁎
−0.45 0.46 −0.36 0.90 ⁎⁎ 0.84 ⁎⁎ 0.84 ⁎⁎ 0.87 ⁎⁎ 0.67 ⁎⁎ 0.55 ⁎ 0.64 ⁎⁎
−0.48 ⁎ 0.42 −0.35 0.82 ⁎⁎ 0.85 ⁎⁎ 0.73 ⁎⁎ 0.83 ⁎⁎ 0.58 ⁎ 0.33 0.53 ⁎⁎ 0.94 ⁎⁎
−0.22 0.83 ⁎⁎ −0.84 ⁎⁎ 0.77 ⁎⁎ 0.83 ⁎⁎ 0.87 ⁎⁎ 0.66 ⁎⁎ 0.93 ⁎⁎ 0.62 ⁎⁎ 0.83 ⁎⁎ 0.61 ⁎⁎ 0.59 ⁎⁎
−0.34 0.70 ⁎⁎ −0.62 ⁎⁎ 0.89 ⁎⁎ 0.81 ⁎⁎ 0.93 ⁎⁎ 0.77 ⁎⁎ 0.94 ⁎⁎ 0.76 ⁎⁎ 0.86 ⁎⁎ 0.76 ⁎⁎ 0.66 ⁎⁎ 0.84 ⁎⁎
295T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 2 8 5 – 2 9 7Another option to improve grain quality is through a better
cropmanagement, especially Nmanagement, as N fertilizer has
a significant effect on grain quality (Table 2, Figs. 3–7). N fertilizer
significantly increased chalky kernel percentage, chalky area
and chalkiness (Fig. 3). Thehigh extent of chalkiness implies that
rice grains grown under a higher N conditions have a lower
density of starch granules and therefore become more prone to
breakage during milling, as confirmed by negative correlation
between chalky kernels percentage (r = −0.74, P < 0.01), chalky
area (r = −0.67, P < 0.01), chalkiness (r = −0.76, P < 0.01) andhead
rice percentage when analyzed for each combination of years, N
levels, and cultivars (Table 3). Similar intrinsic relationships
between chalkiness and milling quality are also reported in the
literature [25, 26]. In this study, a negative relationship between
chalkiness and sensory properties was observed (Table 2), in
agreementwith other reports [5,27]. N fertilizer also significantly
reduced the micronutrient content (Fig. 8), probably due to the
dilution effects of higher yields under high N regimes. Other
studies also reported that N application promoted Fe, Mn, Cu,
and Zn accumulation in grains of rice and wheat [28, 29]. This
discrepancy may be because the N application levels of
240 kg N ha−1 and 360 kg N ha−1 in our experiment were very
high. Hao et al. (2007) also reported that N fertilizer decreased
micronutrient contents when N applications were higher than
160 kg ha−1 [30].We observed that the influence of N application on cooking
and eating quality was very complex, as cooking and eating
quality is described by a number of criteria. Starch, which
comprises about 90% of the dry grain [31, 32], is generally
believed to be the primary determinant of the cooking and
eating quality. As a result, extensive research has been
conducted on examining the effects of starch on cooking and
eating quality with focus on amylose content [33, 34],
solubility of amylose [35], fine structure of amylopectin [36],
gelatinization and melting temperatures of amorphous and
crystalline regions of amylopectin [37], and the structure of
starch granules after heating [38,39]. Endosperm contains two
distinct groups of starch granules, A- and B-types. A-type
granules (>10 μm) represent the greatest proportion of endo-
sperm starch by weight (50–90%), whereas B-type granules
(<10 μm) predominate numerically (as high as 99%) [40].
Generally A-type granules contain higher amylose content
and exhibit lower gelatinization temperature and higher
transition enthalpy than B-type granules [41]. It is reported
that N fertilizer decreases the proportion of A-type granules
[42] which could partly explain lower amylose content under a
higher N levels in our study (Table 1; Fig. 5). Starch texture
analyzers, e.g., the Rapid Visco Analyzer [43], and human
sensory panels [1, 25] have been employed to associate
measures of starch characteristics in rice to cooking and
296 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 2 8 5 – 2 9 7eating quality. Although starch properties have received a
high level of attention, there has been less emphasis on the
influence of protein content on cooked rice texture and flavor
[34, 44]. Protein content in the grain affects the amount of
water absorbed in early cooking, and the availability of water
in early cooking determines the hydration of the protein and
the concentration of the dispersed and viscous phases of the
starch, which determines the texture of the cooked rice [45]. In
our experiment, N fertilizer levels affected both protein and
amylose contents. For all cultivars protein content was
significantly higher (Table 2; Fig. 6) whereas amylose content
was significantly lower at higher N levels (Table 2; Fig. 4).
Similar observations were reported in other studies [34,46,47].
Although the lower amylose content under higher N applica-
tion contributed to improved cooking and eating qualities, the
contrasting effects of higher protein content were larger than
the amylose effects on grain quality with the increased N
rates. Our results showed that palatability was significantly
and negatively correlated with protein content (r = −0.83,
P < 0.01) and there was no significant correlation between
palatability and amylose content (r = −0.20, P > 0.05), imply-
ing that a higher N level may cause the deterioration of
cooking and eating qualities. Moreover, over-use of N fertilizer
often reduces grain yield because of excessive vegetative
growth and increased lodging and pest damage. Thus,
appropriate N management is essential for both high yield
and high quality [44, 48, 49]. It is reported that, apart from N
management, better water management, such as alternate
wetting and moderate soil drying during grain filling period
could increase both grain yield and grain quality [17].
Climate trends over the past few decades have been
significant. Atmospheric CO2 during the industrial era has
increased from 278 μmol mol−1 to 381 μmol mol−1, and should
reach 550 μmol mol−1 by 2050 [50]. Rising atmospheric CO2 as
the substrate for photosynthesis directly affects the yield and
quality of rice. Increases in atmospheric CO2 could lead to
increased temperature. The available information in the
literature indicates a clear tendency for quality deterioration
with increased temperatures, especially during the grain
filling period (see review of Wang et al. [26]). In this
experiment we studied the grain quality of japonica rice
cultivars released from the 1950s to 2000s. Considering the
climate change in the past 60 years, the grain quality of the
tested cultivars under current climatic conditions might be
not the same as those during the earlier decades. The
improvement of grain quality during breeding selection from
the 1950s to 2000s could be partly due to a response to climate
change. Understanding the factors causing quality changes
under conditions of temperature increase due to rising CO2
and the related biological mechanisms might be crucial in
achieving both high-quality and high-yield in rice production
systems.5. Conclusions
Grain yield progressively increased with the release of
new cultivars. The response to N rates was greater for the
cultivars bred in the early decades than for the modern super
rice cultivars. The grain yield was MN (240 kg ha−1) > HN(360 kg ha−1) > 0 N (N omission) for the cultivars bred in the
20th century, whereas it was HN > MN > 0 N for super rice
cultivars bred since the 20th century. Regardless of N rates,
milling quality and appearance quality of japonica rice cultivars
have progressively improved. Compared to early japonica rice
cultivars, the taste quality of modern super rice varieties is
much improved. Application of N fertilizer significantly in-
creased protein content in the grain but did not improve other
quality traits. As N rates changed from 0 to 360 kg ha−1, the
appearance and taste qualities decrease. Further research is
needed to simultaneously increase grain yield and quality and
Nuse efficiency through the improvement inNmanagement in
rice production.Acknowledgments
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